Indirect metabolic studies and direct muscle biopsy studies have indicated diminution of intracellular electrolyte concentration during congestive heart failure explainable by extrusion of these electrolytes due to increase in osmolarity within the cells. Acute and chronic physical and circulatory stress in cardiac patients produced an elevation of plasma sodium concentration indicative of a concomittant increase in osmolarity of the extracellular fluid.
P REVIOUS studies indicate the possibility of an intrinsic rise in intracellular osmolarity during congestive heart failure'-' to explain the decrease in intracellular potassium concentration'-' and the shift of water into the cells.1' 2, 7, 9, 10 Expansion of the extracellular fluid space is characteristic of congestive heart failure, but the exact composition of this fluid, especially during the development of failure, has not been adequately investigated.11-'3 If the intracellular fluid becomes hypertonic from circulatory insufficiency, the extracellular fluid should also become hypertonic in order to maintain equilibrium between the two phases. '3 The following study, carried out in cardiac patients, shows an obligatory rise in plasma sodium concentration following acute and chronic physical stress.
METHOD AND MATERIAL
I. Plasma Electrolyte Studies Following Acute Activity. The effect of acute circulatory stress on plasma electrolytes was studied 10 times in 9 cardiac patients who were admitted in, or induced into, a state of decompensation. Duplicate plasma sodium, potassium, and chloride determinations were first made during the resting and fasting period. The patients were then given 4.0 Gm. of sodium chloride in 300 ml. of water orally and This work was supported in part by grants from the Michigan Heart Association and the National Institutes of Health (H-1471). 620 after one hour of rest were subjected to physical stress. In eight experiments the 1Iaster two-step test was used and in two a slow level walk of 10 to 15 minutes was employed. Soon after the physical activity, plasma samples for electrolyte determinations were again obtained. The venous pressure and circulation time were measured before and after exercise in eight experiments. The degree of dyspnea was estimated after each exercise.
The same studies were also made during the state of cardiac compensation in four cases. At no time was the amount of work performed during the compensated state less than the work performed during the state of decompensation.
Similar studies were performed on four fasting normal subjects, who were given 4.0 Gm. of sodium chloride in 300 c.c. of water orally and subjected to the Master two-step exercise. The resting electrolytes were obtained one hour after ingestion of the sodium chloride. Subject P. E. undertook 36 complete circuits over the stairs rather rapidly and was noticeably dyspneic at the time of the second sampling of blood. The other three normal subjects completed 15 pressure. Although this patient was subjected to moderately strenuous physical stress, there was no provocation of significant dyspnea or rise in venous pressure. The plasma sodium rose a mere 2.0 mEq. per liter. Two patients showed no rise in plasma sodium level after exercise. E. W. had an abnormally high sodium level, to begin with, and in spite of the development of moderate dyspnea, following exercise, the plasma sodium concentration remained essentially the same. Significantly, the venous pressure fell in this patient. Patient W. W. also showed no elevation in the plasma sodium level. Dyspnea was minimal and the venous pressure actually decreased significantly.
No significant or consistent change was noted in the plasma potassium, chloride, or carbon dioxide combining power before or after the physical stress in decompensated patients. These studies were also performed during a state of compensation in four patients. The physical work carried out by these patients was equal to the work which they performed at the time of failure and consequently much less than their tolerable limit after they had compensated. As 
DISCUSSION
These studies, conducted on plasma electrolytes during progressive cardiac failure, revealed a rise in the sodium concentration, following both acute and chronic physical stress. The rise was greater than the maximum deviation from the average of duplicate analyses in all but two cases. The increase found after acute stress was not due to the salt load administered one hour previously, as indicated by the absence of any change in four patients studied during compensation and in four patients and four subjects who had plasma samples drawn one hour after the salt load. There appeared to be some correlation between the degree of rise in the plasma sodium level and the degree of dyspnea produced by the circulatory stress, but the number of cases studied is too small for a definite conclusion. Two patients showed no rise in plasma sodium level following exercise, probably because of an initially high level in one (E. W.) and because of insufficient circulatory stress, as indicated by an actual decrease in the venous pressure in the other (W. W.).
Apparently an elevation of plasma sodium can be produced in the normal subjects as well, so that the response of the cardiac patients may be merely a quantitative, rather than a qualitative, difference. Comparable studies, such as these, have not been reported; however, Newman and his associates'5' 4have shown a decrease in sodium excretion from increased tubular reabsorption, following mild exercise in the cardiac and moderate exercise in the by guest on November 6, 2017
http://circ.ahajournals.org/ Downloaded from normal subject. Plasma sodium level was not discussed in cardiac,4 but apparently was not altered in normal subjects.15 Since the blood lactic acid level, at least in the normal subjects, did not increase, these authors felt that anaerobic muscle work was not necessary to elicit renal tubular retention of sodium. This is in keeping with the observation that acute anoxia, per se, is not responsible for sodium retention."5 Presumably the decrease in sodium excretion and proportionately less marked antidiuresis of water may partly explain the changes reflected in the plasma. On the other hand, the rapidity of plasma changes after acute exercise suggests the possibility of mass movement of water into, and/or of sodium out of, the cells. Rapid movements of water between intra-and extracellular compartments have been demonstrated indirectly by Welt and his associates in their study of patients undergoing shock therapy.'7 These authors suggest an increased intracellular osmolarity to explain the rise in plasma sodium concentrations. Studies with radioactive sodium have demonstrated that there is a continuous intra-and extracellular exchange of sodium." Disproportionate interchange in either direction will, of course, alter the concentration of sodium in the two compartments. In vitro studies also suggest the possibility of the red blood cells as the source of plasma sodium.'9 The minute quantities of sodium found in the erythrocyte, however, make it unlikely that the rise in plasma sodium concentration in cardiac patients could be attributed entirely to shift of sodium out of the red blood cells into the entire extracellular space. Whether or not bone contributes to the extracellular sodium cannot be determined, but this source of supply must certainly be considered.20' 21 Release of sodium from bone, red blood cells, or tissue cells will, in effect, be the same as increased tubular reabsorption of sodium in that sodium will be made available to the extracellular space. Since measurements were not made of plasma or extracellular volume, it is impossible to determine whether or not water moved out of these compartments during circulatory stress. In four of the cardiac patients subjected to physical stress, a slight increase in the hematocrit value occurred, suggesting a slight shrinkage of the blood volume. Whatever the mechanism, the rise in plasma sodium concentration is compatible with the hypothesis that osmolarity of cellular fluid is increased during cardiac insufficiency.
Diametrically opposite conclusions reached from metabolic studies by Lusk and Palmer22 cannot be commented upon in view of the fact that stools were not analyzed and that changes in extracellular volume were considered to be equal to changes in total body weight.
Simple hypo-osmotic dilution of extracellular fluids, postulated by Talso,7 and the primiary retention of water, suggested by Miller,10 do not appear to be integral factors in the pathogenesis of congestive heart failure, in view of the finding that the plasma sodium concenitration is increased, following physical exertion.
Any tentative schema for the pathogenesis of congestive failure must take into consideration the period of circulatory stress and the period of metabolic restitution.23 It can be postulated from studies to date that during the circulatory stress imposed by physical activity, the body cells undergo certain metabolic changes which result in activation of the osmotically "bound" or inactive base." 2, 3, 13 This would result in hyperosmolarity of the cells and, temporarily, a relative hypo-osmolarity of the extracellular fluid. As a consequence, water enters the cell and/or the freely movable electrolytes, such as sodium and potassium, emerge from the cells. * In order to further readjust for the inequilibrium, the kidney tubules retain sodium, presumably for the purpose of raising the osmolarity of the extracellular fluid, and also retain water to dilute the intracellular compartment. The humnoral factor responsible for the retention of sodium is most likely released by the adrenal cortex,' 25 and is probably aldosterone (electrocortin).26
The factor responsible for the retention of water may very well be the antidiuretic hormone.27 Whether increased osmolarity within the cell, per se, rise in plasma sodium concentration, or the tendency for the extracellular space to temporarily decrease is responsible for antidiuretic activity remains to be seen.
The fact that the extracellular and blood volume is increased in edematous cardiac patients does not detract from the last possibility, since the predicted change during physical stress will be a slight decrease in the extracellular space. In this respect, the concept of a "volume receptor"28 or "quantometer'"'2 can be applied to the hypothesis set forth in this paper. The potassium element is lost rapidly into the urine as it emerges out of the cells, either because of limited ability of the kidney tubules to conserve potassium or because of the adrenal cortical activity.
It is probable that the changes outlined above occur in the normal as well as in the cardiac patients subjected to physical stress beyond their circulatory capacity. It is also probable that the normal subject undergoes certain metabolic adjustments, even while under continued stress,29 so as to prevent progression or even to produce restitution of the cellular and extracellular changes. The patient with circulatory insufficiency will be limited in his adaptation to continued stress.
Up to this point, the schema accounts for the retention of sodium and water and loss of potassium, but does not explain the localization of the retained water in the extracellular space, which is characteristic of cardiac edema. These changes must take place during rest.
During rest the metabolic activity of the cells becomes normal and their intrinsic osmolarity is reduced. This allows for extrusion of water and uptake of potassium and small amounts of sodium. Since the extracellular space is interposed between the cell and the external environment, elimination of water by the cells will first tend to expand the extracellular space. In the compensated cardiac patient and ill the normal subject, adequate rest will allow complete elimination of water and sodium which had been retained during stress. On the other hand, if cardio-renal hemodynamics are markedly abnormal, elimination of water and sodium will be incomplete and edema will develop.30' 31 Moreover, if rest is inadequate or if the cardiac status is so impaired that rest cannot be fully attained, then there will be partial or incomplete correction of the intracellular balance and incomplete elimination of water and sodium from the extracellular space, producing the classical picture of congestive heart failure with its intracellular and extracellular derangements.
SUMMARY
Variations in the plasma electrolyte concentrations were studied in 10 decompenisated cardiac patients before and after physical stress and in six patients during the normal course of diurnal activity. Significant rise in the plasma sodium concentration was found, indicating an elevation of extracellular osmolarity. This was interpreted to reflect a rise in intracellular osmolarity. The pathogenesis of congestive heart failure is discussed iii the light of these findings.
SUMMARIO IN INTERLINGUA
Esseva studiate variationes in le conicenitration de electrolytes plasmatic in 10 discomipensate patientes cardiac ante e post un stress physic e in sex patientes in le curso normal de lor activitates diurne. Un significative augmento inl le concentration del natrium plasmatic esseva constatate. Isto indica un elevation del osmolaritate extracellular. Le pathogeniese de congestive insufficientia cardiac es discutite in le lumine de iste constatationes.
